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IB!CBODUC~IOB 
f he study of many aspects of physiolog1 is accom• 
plisbed by the study of respiration under varied conditions• 
B'or this purpose, a simple. rapid. and rels.tivel7 aoourate 
reapirometer would be useful. ~bis pro~eot was undertaken 
to ·investigate the possibilit1 of adapting previously de-
scribed polarographic techniques to the measurement of res-
piration. 
Because of the dif:ficulty of obtaining a large homo-
geneous sample, it is desirable to have a method which can 
be used with micro size samples. :Most previous reepiromet..; 
ric methods are not adaptable to !llicro size samples. ~be 
few methods wbicb can be used with such small samples are 
quite tedious in operation. 
Of the many possible approaches to this problem. onl7 
two were thought to be feasible at this time. These two 
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methods are eleetroohemieal and manometrio. Mioromanometric 
techniques have been developed which are satisfactory but 
quite difficult to use. Eleotrocheroica.l techniques, on the 
other hand, have been employed previously but not with 
volumes less than l-2 milliliters as was desired in this 
study. It was decided to adapt one of these el~otrochemioal 
techniques to this small volume. 
Because of their biological uniqueness, tb e :Myxophyceae 
were ueed in the pbyaiologioal studies after the development 
of the technique. 
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HISTOBIOAL 
~he techniques which have been or can be adapted to 
respiration studies on a micro scale can be divided roughly 
according to the method of measurement. Thus in outline form: 
1. Manometr1c techniques 
a. Barcroft-Warburg apparatus 
b. Miorooapillary 
c. Cartesian diver 
2. Gasometric techniques 
a. Gas phase analysis 
1. Biometer 
2. Electrical resistance method 
3. Mass spectrometer 
4. Kagnetic (paramagnetic) method 
b. Volumetric evacuation analysis 
1. van Slyke apparatus 
2. Rougbton-Sobolander syringe method 
5. Micrometrio gasometer 
- 4 -
3. Ohemical techniques 
a. ~itration methods 
1. Winkler (tbiosulfata) titration 
2. Ohromous ion titration 
3. Amperometrio titration 
b. Optical methods 
l. Colorimetric methods 
2. Spectrophotometric ~ethods 
c. Electroobemical methods 
1. Potentiometric determination 
2. Voltammetric techniques 
3. Polarographic techniques 
In order to discuss the advantages and disadvantages of 
the polarographic method with respect to those of these other 
methods, it will be necessary to describe each one briefly. 
MANOMRCRIC ~ECHliIQUES 
The Baroroft1 and Warburg2 methods are quite similar and 
rely upon the change in volume upon the removal of a gaseous 
produ'lt. Figure l shows a typical vessel for use with these 
methods. For respiration studies. the oarbon dioxide evolved 
l. Dixon. M •• Manometrio Methods. 3rd ed., Cambridge. 1951. 
2. Umbreit, w. w., Burris, R. ll., and Stauffer, J. F., Mano-
' metric Techniques and 1!issue Metabolism, Burgess, Minneapo-
lis. Minn., 1949. ---
ALKALI 
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MANOMETER 
SIDE BULB 
PHYSIOLOGICAL 
MEDIUM 
FIGURE I. WARBURG 
MANOMETER VESSEL 
is removed from the gas phase by the alkali in the alkali 
well, This obange in volume is indicated by the manometer 
oonncoted with the vessel. One objection to these methods 
involves the time lag in the absorption of the carbon dioxide 
l .. . 0 
by the alkali and another is the low carbon dioxide pressures 
and correspondingly high oxygen pressures which prevail when 
strong alkali is used, The former can be reduced .by sbaking 
the vessels. The latter oun be overcome by the use of a · 
weaker elkal1 or a buffer solution which is nccompnnied by 
an undesirable reduction in the speed of response. 
Bonner atte~pted to adapt the Warburg techn19ue. ~o micro 
work in two diff crent ways. He first 2 used micro vessels 
1. Noyons, il. k. M., and van Goor, R., Acta brev neerland, 
10, 99-102 (1940). 
2. B'Onner, J., Jour. Gen. Pbysiol., 17, 63 {1934). 
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without alkali and depended upon tbe difference in the solu-
bilities of carbon dioxide and oxygen for his measurable 
volume change. He later1 employed semi-micro vessels with 
alkali and obtained somewhat better results. 
RESPIRATION CHAMBER 
INDEX FLUID 
FIGURE 2. MICROCAPILLARY 
2 4• ~be simple miorooapillary - of Figure 2 does not possess 
great accuracy. It has, however, beon modified by Cunningham 
and Xirk5 to permit the measurement of volume changes as 
small as 5 x 10-5 cubic millimeters (cmm.). As such, it is 
the moat sensitive rospiromater known. The principle of opera• 
tion is tbe same as for the other manometrio techniques, 1. e., 
tbe measurement of the volume change caused by tbe removal of 
carbon dioxide by alkali. 
l. Bonner, J., Jour. Gen. 
2. Dixon, .2..:2 .£.!:!. 
The volume change ia observed by 
Phyaiol •• !Q., l (1936). 
3. Umbreit, Burris, and Stauffer, .9:e.. cit. 
4. Tobias, J. M., Physiol. Rev •• 23, "61""(1943). 
5. Cunningham, B •• and Kirk, P., J; Cell. Comp. 
!Q, 119 ( 1942). 
Pbyaiol., 
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measuring the displacement of the index fluid. Microcapil-
lary methods are unfortunutely vory sensitive to temperature 
1 
changes and usually involve an error of a few percent • 
A. MANOMETER 8. DIVER 
FLOTATION MEDIUM 
ZERO LINE 
~ DIVER 
TISSUE 
~~"i:fL.- PHYSIOLOGICAL 
MEDIUM 
DIVER TAIL 
i-----~ FINE ADJUSTMENT ~~-
COARSE ADJUSTMENT 
FIGURE 3. CARTESIAN DIVER 
The most effective micro adaptation' of manometric tech-
niques is the Cartesian diver developed by Linderstrom-La.ng2 
and illustrated in Figure 33• This consists essentially of 
1. Tobias, J • .M •• ~ £!!. 
2. Linderstrom-Lang 1 K •• Compt. Rend. Lab. Carlsberg, Ser. 
obim., 25. 229 \1946). 
3. Doell, B:;-J •• Needham, J •• and Rogers, v., Proo. Boy. Soc. 
(London), ~. 322-356 (1939). 
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a modified miorooapillary with a more accurate 'indicntor of 
volume changes. The alkali placed as abowli causes a decrease 
in the volume of the diver ao respiration proceeds. This 
causes tbs effective spec.ific gravity of the diver to in-
crease and thus the diver falls. By decreasing the pressure 
in the chamber above the flotation mediwn, the effective 
volume and specific gravity of the diver can be returned to 
the original value. ~be diver is thus operated as a null 
point instrument with the required pressure decrease being 
a m~.asure of respiration. 
The divers can be made quite small for the study of a 
minute amount of tissue. However the apparatus is quite 
tedious to operate and requires experience on the part of 
the investigator before the data can be properly interpreted. 
Thus, manometric met hods in generu.1 suffer from the same 
difficulties, 1. e., those of low carbon dioxide pressure and 
time lag in response. Those problems are even more acute in 
the micro versions of these techniques wbicb are correspond-
ingly more difficult to use. 
GASOMETRIC TECliNIQUF..S 
Gasomotric techniques involve the measurement or analysis 
of gas phases. In the broadest sense gasometric techniques 
include those Just considered as manometric techniques. These 
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were considered separately because of the specialized method 
of gas analysis which they employ •. One aspect of these 
methods is tbe analysis of .the gaseous phase above the culture 
medium containing tbe respiring tissue. The other aspect of 
these methods consists of removing the gases dissolved in the 
solution by evacuation at low pressures followed by the annly-
sis, usually volumetrically, of the evacuated gases. 
~be various methods employed in gas phase analysis rely 
upon some distinctive feature o~ the gas to be studied. The 
biometer, wbicb is historically the oldest respirometer, uses 
ordinary chemical titration methods~ This is difficult to 
perform and requires special gas handling equipment which 
largely accounts for its infrequent use in recent years1, 
Tbe electrical resistanoe method of Noyons2 makes use of 
the fact th"'t the resistance of a wire surrounded by a gas 
mixture varies with tbo gas coneentrationa3. This method 
requires tbut the gas miXture be very constant with respect 
to gases not being studied as such changes affect the cali- · 
bration. Only the author bas employed the method since its 
conception in the late 19cOs. This would seem to indicate 
1. Manning, 1¥. M. • Stauffer, J. F. " Dugg<::r, B. M. , and 
Daniels-, F.,. J-. Am. Chem. Soo., 60. 266 (1938 ). 
2. Hoyons, A. X-. 14., .Acta brev. neer~d, 5, 23-4 (1935) 
3. Heilbrunn, L. v., Outline .2.! General P!cysiology, 3rd ed. 
Saunders, >1962) 
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tha.t other workers have considered the method of little ad-
vantage over more conventional approaches. 
~be mass spectrometer bas been used fairly extonsive-
1y1-3 because of its ability to distinguish b~tween isotopes 
of oxygen or carbon dioxide. In praotioe. a vessel similar 
to the Yiarburg manometer vessel without an alkali well ls 
used. Facilities are provided for connecting tho leak of 
the mass spectrometer to the gas phase above the medium. 
~itb the use of isotopes. a meuns must be provided for their 
introduction under controlled conditions. 
The proponents of this method olaitn that photosynthesis 
and respiration oan be distingUiahed by the use of heavy iso-
topes of eitber carbon dioxide or oxygen. For example, by in-
troduoing a known amount of a beevy isotope of oxygen. res-
piration oun be followed by meusuring the rate of disa.ppesr-
a.nee of the heavy isotope. l?botosynthesis ;·.ould continue to 
produce normal oxygen from the normal oarbon dioxide already 
in the environment. Thus tbe rate of appearance o~;normsl 
oxygon is the measure of the rate of photosynthesis. Thia 
does not take into consider.:.~tion the p::>sslbility oi' t.be 
preferential utilization by oue process of the product of 
l. Brown, A. H. • l1ier, A. o., and van liorman, E. W., Plant 
Fhysiol.., .§!, 320 ( 1952). . · 
2. :Brown, A. ll., Amer. Jour. Bot., 40, '719 (1953}. 
3. Brown. A. H., and Webster, G. o.:-Amer. Jour. Bot., 
!Q. 763 (1953). 
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the other process. In other words, in the case cited, res-
piration might conswne the normal isotope of oxygen which is 
being ~roduced. ~y photosynthesis within the sa..~e cell.· It is 
also jua~ as likely that the carbon dioxide produced by respi-
ration might be consumed in preference to that which must dif-
:fuse from ~be gas phase through tbe medium ana: into tho"' coil. 
Thus it appears tbst the mass spectrometer offers another 
method of studying respiration with rapid and continuous 'mens-
urements, although it may not be able to isolH.te the effects 
of pbotOSYD;t,besi_s and respiration as bas been supposed. 
The Pauli~g-Beckma.n Oxygen Analyzer relies upon a unique 
< 
property of oxygen for its measurement. Molecular oxygen has 
f ,: 
a much greater ·magnetic susceptibility than any oth~r common 
gas and ·therefore the magnetic susceptibility of a mixture of 
gases is largely due to tbe oxygen contained in the mixture. 
Tbe simple method used to quantitate this property is quite 
ingenious. 
"~be magnetic force acting on a small test 
body in an inhomogeneous magnetic field is pro-
, portional to the product of the field strength, 
the gradient of the field strength, and the dif-
ference in volume magnetic susceptibility of the 
test body and the gas surrounding it. The equi-
librium orientation of tbe test body, as deter-
mined by the magnetio force and tbe torsional 
force of the fiber, would accordingly be depend-
ent on and v1ould provide a measure o:f the mag-
netic susceptibility of the gas."l 
l. Pauling. L •• Wood, R. E •• and Sturdivant. J. li., J. Am. 
Chem. Soc., .fill. 795-798 (1946). . 
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l Thus the apparatus shown in Figure 4 yields a contin-
uous record of the oxygen oontent. of the gas surrounding tbe 
dumbbell or test body. 
·Although this metbod could be adapted to miaro work with 
no more difficulty than the mass spectrometer, such an adnp-
tution has not been made. 
All of these gas phase analytical. methods involve n time 
lag for diffusion of the gases between the medium and the gas 
pbaae. This time lag is of the same magnl tudo for these 
methods as for thos~ previously discussed. However, einoe 
most of these methods are capable of continuous measurement 
this·s1ow response is more noticeable. 
Volumetric evacuation methods are all quite similar and 
require the removal of a sumple for analysis. Thcae methods 
rely upon the evaauation of all dissolved gases under vacuum. 
The volume of these gases is then noted and an absorbent for 
the desired gns introduced. The absorbent is permitted to 
reaat for a moment ~lnd the volume is aguin measured. The 
amount removed being noted as the volume of the desired gas. 
The van Slyke method2 is perhaps the most nccurate of 
all but reqUires a Siilllple of at le~st 2 ml., the largest for 
any of these methods. Tbe Roughton-Soholander syringe metbod3 
1. Pauling. riood. and Sturdivant, .2E. ill.• 
. 2. Peters. J. P., and van Slyke. D. D., Quantitative Clinical 
Chemistry. Vol. II, Williams and Wilkins, Baltimore, l9al. 
3. Roughton, F. J.,w., and Scholander, E. F., J. Biol. Chem. 
148, 641 (1938). 
MIRROR 
DUMB BELL 
A. DUMBBELL ASSEMBLY 8. THE INSTRUMENT 
FIGURE 4. THE PAULING OXYGEN ANALYZER 
I-' 
c.>i 
- 14 -
requires only 40 cmm. of samplo and can be readily adapted. 
The micrometric gasometer1 is more convenient to use and 
requires only 20 cmm. of sample. 
:Because these methods require the removal anll subsequent 
manipulution of a sample, tbey cannot provide rapid and con-
tinuous measurements. The removal of a sample also prohibits 
the u.se of a permanently closed vessel thereby increasing the 
danger of diffasion from the atmosphere. 
CHEMICAL T.EClUUQUES 
Chemical techniques which involve a titration suffer from 
the same problems as the gasometrio techniques aonsid.ered above, 
i.e., those involved in the removal of a sample. These methods 
have been employed in respiration studies on very small amounts 
of tissue but. at best. they are quite tedious and time con-
suming. All of these methods rely upon the oxidation by the 
dissolved oxygen of some reduced ion present in excess. ~be 
oxidized form is then titrated by an accepted method. The 
chromous ion titration2 involves tbe oxidation of this ion 
to the chromic state whereas the historically important 
Winkler t1tration3 involves the oxidation of the manganous ion 
to the manganic ion. l3oth of these methods use an iodometric 
l. Laza.row. A.'~ Laboratory Investigation, !• 22 (1953). 
2. Stone, B. w •• and Sigal. :e., Anal. Chem., 26,7), 1236 (1954). 
3. Assoc. of Official Agricultural Obe~ists, Methods of Analy-
.!i!!• 5t b ed. P• 531. A. O. A. C., iiash. D. C. • l9W. 
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titration with a starch iodide endpoint and require the prior 
oxidation of any nitrites present in the solution. An e.mper-
ometric t1tration·for small concentrations of iodine has been 
applied· to the determination of extremely low oonoentrat1ons · 
. . 
of dissolved oxygen1 • 
Micro versions2-4 of the Winkler titratinn have been at-
tempted with varying results. They either require elaborate 
burettes for microvolumetrio titrations or possess a 2% error. 
These methods obviously cannot afford rapid and continuous 
measurements. 
Optical methods rely upon the change in color of a dye 
or oomple:x witb a change in the oxygen concent:ration. Since 
this change in color must be observed in the presence of light, 
these methods are of no value in studying pbotosyntbetic or-
ganisms and are of doubtful value for nonpbotosyntbetic organ-
isms, since tbe effects of ligbt on respiration are still be-
ing debated in the literature.6 
Various indicators have been used with the colorimeter 
for this purpose. Among them are diaminopbenol hydrochlor1de6• 
ortho-toluidine7• indigo carmine', tetrammine copper (II) oom-
1. ~vans, D. P., and Simmons. l:l. T., J. Soc •. Cbem. Ind.• 
63, 29 {1944 ). 
2. viii Dam, Jour. Exptl. Biol., ]:!, 80 (1935). 
3. Fox and Wingfield, Jour. Exptl. Biol. 15, 437-45 (1938). 
4. Barth, L. G •• Pbys1ol. Zoology, 15, zo--rl942). . 
5 •. Warburg, o., Burk, D., Scbocken,-V., and Hendricks, s. B., 
Arch, Bioobem., 23, 330-333 (1949). 
6. Brinkman and van ~breven, Jour. Exptl. Biol. 19, l (1942). 
7. de Hauss, J. r.., Eau,. ~. 196-197 (1951). -
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1 2 plex • and the thiocyanato iron (III) complex ion • Tbe apec-
tropbotometer bas been used for this purpose to measure the 
ultraviolet absorption Of the tri-1odide ion. tbus avoiding 
t be starch-iodide .. react ion 3• 
~be eleotroohem~cal method~ are o+ two generul types. 
The f~rst u~ilis~s ~qe ~elvtionsbip between.tho oxygen oonoen-
tration and the potential of a polarizable electrode whereas 
tbe second relies upon the current drawn by an electrode in 
a state o! conoentration polarization. 
The potentiometrlc method4 of determining dissolvod oxy~ 
gen is good for continuous recording under controlled oond.1-
tions. It is unfortunately subject to interferenc·e from a 
change in electrolyte. oxidizing agents or surface active 
sub.stnnces wb icb renders it less valuable in this application. 
Electrochemicn1 techniques of tbe second type considered 
here ba.ve been collectively deaignuted as voltammetric. How-
ever. in this thesis the term voltammetry will be restricted 
to current-voltage studies with solid electrodes. Polarography 
will likewise be limited ~o current-voltage studies with the 
dropping mercury electrode (d.m.e.). 
Voltwnmetric techniques have been employed since 1940 by 
a number of workers. Laitenen and Kolthoff did some of the 
1. Zan'ko. A. M •• Manusova, F. A •• and Nikitin, A. D., 
Zavodakaya Lab., ~. 937-40 (193~). , 
2. Wickert, K. and Ipacb, E •• Vom ~asser, 18, 337 (,1950-51}. 
3. Ovenston and Watson, Analyst, 1.2,. 383 (1954_). 
4. La1tenen. R. A •• Higuoh1. T •• and Czuba, M., J. Am. Obem. 
Soc., !Q, 661-565 (1948). 
.. l'l -
early work on the development of the stz~tionary~ as well as 
' . . 2 . . ·' . 
ttie rot~ting elect~ode.and the applic&tion of both to the 
. ' 3 . . . '' 4' 
determination of QXygen • Davies and Brink were the first 
to apply tbe teobniquo to respiration studies. All of theso 
5 6 ' 
workers and those that followed • experienced poor stability 
and reproducibility .to v.a.r.ying degrees. The rota.ting platinum 
electrode of Laitenen and Kolthoff2 and the flow system of 
Giguere and Lauzier7 poaess greeter stability but involve 
more elaborate apparatus with disturbing movements.· 
Recent remarkable improvements in voltammetric tech• 
niques by Olson • .Brackett. and· Crickard8 have almost com-
plotely eliminuted these difficulties however. Their rather 
elabornte apparatus applies an alternating square wave signal 
of tbe desired voltage and photographically records the cur-
rent at the proper phase during the cycle. By this means a 
time resolution of the order of 2 to 10 seconds has been 
achieved. 
l. Laitenen. li. • ,and Kolthoff, I. 11., J. Phys. Chem. 
45, 1061 (1941). 
2. Laitenen, H., and Kolthoff, I. 14., loo. ill. 1079 (1941). 
3. Kolthoff, I. M., and Laitenen. H. A •• Science, 92.162(1940). 
4. Davies, P. w., and Brink. F., Rev. dci. Instr •• 13 524(1942). 
5. Roseman, .l!'l., Goodwin, 'ii., and McCulloch. h. s., J. Neuro-
physiol., 9, 33 (1946). 
6 •. Giguere, P.-A., and Lauzier, L., Can. J. Research, ~. 
76 (1945}. ' . . 
7.- Giguere,, P. A.• and Lauzier, L., 122• ill~. 223 {1945). 
8. Olson. R. A., Braokott, F. S., and Crickard. R. G •• J. Gen. 
Pbya1oi. ~. 681-703 ( 1949). 
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This technique bas great possibilities for ada,ptation 
to a micro size sample. However, the nature and cost of the 
app~ra~us coupled with t~e ~ittla advant~ge ~ver polaro-
. ' ~' 
graphic techniques discouraged this adaptation. 
l?olarograpbic techniques.date back to 1923 with most of 
tbe pio11eer work being done by J, lioyrovsky1 and other· Ozecho-
. . . " ' ' ~ " ~ 
slavaklan workers. ·Tbe first applications of the, technique 
to the measurement of dissolved oxygen were, in fact, made by 
2 3 Heyrovsky ' • Since that time, numerous workers have used 
the technique to study the reduction of oxygen at the dropping 
4 
mercury electrode and to measure the oxygen dissolved in 
natural waters5- 8 of sewages and industrial wast e~9-15 • The 
16 initial biological a.pplicat ion 'r7aa made by Prat in 1926 
l. lieyrovsky, J., Fbil. Mag., !§., 303 {1923). 
2. Heyrovaky, J., Oasopis ceakoslovenakebo lekarnietva, 
1• 242-61 and 1&,. 224 (1927). , 
3. Beyrovsky, J •• .A..rob1v. za Hemija Phs.rmiciju, £,162-73 (1931). 
4. Kolthoff, I. M., and Miller, C. S., J. Am. Chem. Soc., 
g, 1013-17 {1941), a1so Ohern. Zbl., ll• 1830 (1941). 
6. Manning, w. M., Ecology, !,!, 509-12 (1940). 
6. Spoor, \{. A •• Saienoe, .!Q§_, 421-2 (1948)·. 
7. Vitok, V., Obem. et Ind., !2_, 215-221 (193Z). 
a. Zan'ko, A. M., Manusova, F. A., and Nikitin. A. D., Savods-
kaya Lab., ~ 937-40 (1939) (Russian). 
9. Busch, A. c..v:, and Sawyer, c. U., Anal.Chem. ~. 180'1 (1952). 
lo. Ingols, R. s., Sewage Works J., ~. 1097 (1941): 
11. Ingole, R. s. 9 Ind. Eng. Ob em., anal. gd., 14, 256 ( 1942). 
12. Ippen, A. T., Yoseph, B. s., and Poatbill, B. N., Tech. 
l~ept. !• Public Health :erojeot No. R.G~-863, (1951). 
13. Moore. E. J., Morris. c. J., and Okun, D. A., Sewage 
Works .J •• 20. 1041 (1948). 
14. Rand. M. o.-;-and Heukelekian, H., Sewage and Ind. Wastes. 
~. 1141 (1961). . 
15. Seaman. w·.,. and Allen. w., Sewage and Ind. Wastes, ~. 
913 ( 1950). 
16. Prat. s., Bioehem. z., .ill.• .268 { 1926). 
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while the first respirntion study with the polarograph was 
made by tbe Wisconsin group in 19381. Thia was followed by 
a number· of similar reapirat ion studies2- 6• · 
In tbe following discussion of polarographlc theory, no 
referena·es are listed since this literature bas· been th.or-
. . 
. ougbly reviewed by Kolthoff and Lin.gone in' their monograph 7. 
Polarography basically consists of measuring tho current 
drawn at various potentials applied across a dropping mercury 
electrode and some reference electrode in the solution -to be 
analyzed. A simple but effective circuit ia shown in 'Figure 5. 
Tbe voltage divider permits the application of any potential 
up to that of tbe source while tbe galvanometer in the circuit 
indicates tbe current drawn at thut potential. ~be polarograph 
actually employed in th is research was tbe Sargent-Heyrovsky 
Model XX! automatic recording polarograph shown in Figure 6. 
~his oonsiata essenti~l!y ··)f the same components with the 
modifications neces_~ary for automatic variation of the poten-
1. l?etering. H. G., ·and Daniels. »,., J. Am. Chem. Soc., 
60, 2796 (1938). 
2. Karsten. x., Am. J. Bot. !§_, Abstr. Section 14 (1938). 
3. Baumberger, J. P., Oold Spring Barbor Symp. 7, 196 {1939). 
4. duBuy, H. G., and Olson, R. A., Am. J • .Bot. 27, 401 (1940). 
5. Baker, E. G. s., and Baumberger, J. P., J. Cell. Comp. 
Physiol., 17, 285 (1940). 
6. Winzler, R.-Y., J. Oell. Comp. Pbyaiol., 17, 263 (1940}. 
7. Kolthoff, 1. M., and Lingane, J. J., Polarography, vols. 
I, II, Interscience, New York, 1952. 
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Figure 6. Tbe Sargent-Heyrov ky odel XX! Polarograph 
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tial (synchronous motor dr1 ven potentiometer) and pen-
reoording of the current (Brown recording potentiometer). 
,,.. . . 
. Figure 7. It can bo observed that tbe,ourrent is not affected 
. " ~ . 
appreciably by a change in tbe potential initially (at.low 
voltages). However. as the oxida.tion-roduotion potential of 
some constituent of the solution (in tbis case oxygen) is 
approached, the current is observed to rise sharply as tbe 
potential is inoreased. Following. this the current again be-
comes constant: this region is _commonly referred to as a 
"plateau" region. In the oase of oxygen. however. two polar-
ograpbic waves are observed because of the two reductions 
wbioh oxygen undergoes. 
Thia plateau region is caused by oonoentration polari-
zation from Which the polarograph derives its name and its 
usefulness. Thia is. the number of molecules reacting (and 
banoe tbe ourrent) at the electrode bas beoome limited by the 
concentration in tbe immediate vicinity of the electrode. ~be 
oxygen at tbe surface of the meroury drop bas all reacted 
leaving mi extremely low concentratinn. ~he reaction is tbua 
maintained by the diffusion of oxygen from the bulk of tbe 
solution. Thus the current drawn or the beigbt of each wave 
is a function of tbe ooncentration. 
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FIGURE 7. 
A TYPICAL POLAROGRAM 
- - - -~- -
~PLATEAU 
REGIONS 
RESIDUAL CURRENT 
o...--------~-----.-~---......----~..-..-.......~----~--~.--. 
o.o 0.2 o.e 1.0 1.4' 1.8 2.2 2.6 
APPLIED E.M.F. (VOLTS) 
-
- 24 .. 
The following equation, derived originally by Ilkovic 
from a consideration of diffusion to an expanding sphere, has 
been found to bold experimentally. 
id = k n D ~a m' t ~ 
where id 
k 
n 
D 
0 
m 
t 
= diffusion current• 
• constant. 
= number of electrons involved in tbe reaction 
at tbe electrode. 
= diffusion coefficient of reactant. 
• ooncentration of reactant in bulk of the solution • 
• weight of mercury passed by electrode in unit time. 
= drop time; average life of drop. 
'For any given reaction, n and D are constant a.nd for any 
one electrode m and t are constant. Thus the Ilkovic equation 
for any one analysis can be simplified to: 
id: K 0 
'i.. 'f. k 
where K = k n D m 3 t "' 
This expresses the linear relation between the diffusion 
-
current and the ooncentration of the reducible substance. 
In comparison with the above considered techniques, the 
polarograph possesses certain definite advantages. Measure-
ments can be made rapidly and, with some limitations, contin-
uously. Tbe lower limit on the size of tbe chamber is of the 
order of 0.1 ml. thus reducing the sample size to the order 
of 0.02 ml. when desired. Ex:perimenta can be conducted in the 
dark for photosynthetic organisms and over relatively long 
periods of time when desired. The sensitivity of the polar-
- 25 -
ograpb is maintained at low oxygen concentrations, thus pro-
viding a means for studying respiration with the same accuracy 
at low concentrations as at high. ~he sensitivity of the 
.l 
electrode is affected only by pH changes, some surface active 
substances, heavy metal ions, or easily reduced substances, 
·and varies only about 2% per Oent1grade degree. Thus there 
is no problem in maintaining all errors to within 1 or t %. 
A unique feature of tbe polarograph is the ability to 
remove any desired amount of dissolved oxygen electrolyt1oally. 
This is accomplished by drawing current through the electrodes 
until the oxygen conaentration is at tbe desired level, as 
indicated by the polarograpbio wave beigbt. This makes pos-
sible tbe accurate standardisation of the apparatus following 
a met bod suggested by Tobias1• Tbus,_ bJ knowing the number 
of coulombs passed, the amount of oxygen removed can be cal-
culated. Knowing this and the volume of solution enables one 
' 
to oaloulate tbe oba.nge in concentration wbiob oan tben be 
related to the change in tbe current drawn. 
fhe disadvantages connected witb tbe pol~ograph involve 
the use of metallic mercury and the necessity of a total salt 
concentration of approximately O.l M. to act as a supporting 
electrolyte. Previous workers have tested the tissue of 
organism wbicb they investigated wit,h regard to the effect of 
metallic mercury. None baa ever noticed any infiuence on 
. growth over an extended period of time or respiration over a 
1. Tobias, J. M •• !.2.2.• ill.• 
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short time. Tbe ionic forms of mercury however may be toxio 
' ' 
and should therefore be avoided. Tbe use of a salt bridge 
and balf cell for the anode makes it impossible for the mer-
curous ions produced at the anode to get into the medium, thus 
eliminating any danger of toxicity from that source. Some pre-
vious workers have not used suab an anode however and have 
observed no demonstrable effects. 
Tbe prerequisite supporting electrolyte coupled with the 
osmotic relationships found in living organisms oun prohibit 
the use of the polarogra.pb in soma inves~igations. Fortunate-
ly, most physiological media contain sufficient ~alts. In 
other applications, however, some di~ioulty might arise in 
regard to satisf3ing tbe osmotic requirements of the organ-
. ' 
ism and the supporting electrolyte requirements of the polar-
ograph. Lower salt concentrations are permissible. but de-
creased sensitivity and erratio behavior rNJ.y be observed • 
. 
Table l from ~ob1ae1 presents an interesting comparison of 
some of these methods. 
~able 1 
Smallest meastll"able 
volume cbange 
Instrument . Measures (from experiment) ~'l'ror 
io-2 % Biomet er 002 2.5 x 6 
Winkler titration Dissolved o2 28 io-1 l-2.6 Indicator Dissolved 02 5 x 10 
Cartesian diver 002 , o2 , etc. 1-2 x io-3 50-100 
Polarograph Dissolved o2 l x io-3 very precise 
Microcapillary co2 , ·o2 • eta. 5 x io-5 a few 
1. ~obiae, J. M., loc. cit. 
- -
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THE MYXOPHYCEAE 
~be physiological investigation with the modified polaro-
graphic technique was undertaken as an exploratory study of 
respira.t ion in a blue-green alga. It was ,thought t bat addi-
tional knowledge concerning tbe physiology of this little known 
·' 
and quite important group of plants would be of' value. 
The algae are a "heterogeneous assemblage of simple 
plants"1 belonging to the lowest division of the plant kingdom, 
t°tbe Thallopbyta. This classification is based on tbe absenoe 
of stems and leaves and is tbus not completely satisfactory. 
It does. however. serve to illustrate the morphological aim-
plicity found in this group. The morphological and taxonomick; 
. 
relationships of the algae also illustrate the evolutionary 
significance of the algae. The algae as a class are believed 
to be a very early step in evolution which bas subsequently 
evolved very little, leing somewhat of an evolutionary "blind 
alley". The .Myxopbyeeae are oonsidered to be e'Ven more primi--
tive than the other algae. 
The algae a.re also important since most of them contain 
cbloropbyll and are therefore capable of pbotosyntbesia. Due 
to the existenoe of unicellular forms. algae., particularly 
tbe Chloropbyoeae, have been use~ extensively in investiga-
tions of pbotosyntbesis. 
1. Smith. G. M., Freshwater Algae of the United States, 
2nd ed., YoGraw-liill. New York:-1~50. 
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In recent years, the steady decrease in the ratio of 
land area being tilled to population bas prompted a number 
of investigations concerning the efficiency-of utilization 
of tbe sun's energyl,2. ~he Chloropbyceae. particularly 
f 
Ohlorella., have been investigated in this regard much more 
' . 
tba.n any other organism or group of organisms. The algae are 
especially useful for this purpose sinee: 1) They are morph-
ologioally simple and therefore more efficient. 2) Unicellular 
forms can be obtained readily. 3) They ean be cultivated in 
mass. 4) ~bey contain over 50% protein (witb a low molecular 
weight and therefore readily digestible) which contains the 
ten amino acids now considered essential3. 
The Myxopbyoeae have a number of obaraoteristioa wbioh 
make them even more i~ortant for investigation. 'l!be condition 
of the nucleus and chloroplasts is not tbe same aa in other 
alga.a. Tbe Jiyxophyceae lack "a nucleus as found in otb er al-
gae" and do not have their chlorophyll confined in discrete 
bodies or plastids as do other algae. These differences are 
apparently more in degree of organization than in content. 
~revious investig~tors of algal physiology bave seldom 
been concerned witb the Myxophyceae per ~· A number of 
l. Burlew, J. s •• ed. Al~al Culture, Carnegie Institution of 
Wash. Fnb. soo. Wash., D.c •• 1953. 
2. Daniels. F., and .Morgen, R., Science, fil., 82 (1954). 
3. Spohr, H., in Burlew, ~· cit. 
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comparative studies ~~ve draf/Il one or two genera from the Myxo-
pbycea.e for examples. · !rbe 1iterature on· their physiology is 
therefore small a.ml scattered •. Only two reviews on the muoh 
more genera1 topic of algal physiology have appeared1•2• 
i'o illustrate tbe biological uniqueness of tbe blue-green 
, algae. the two major distinctions observed will be discussed. 
The first difference 1a in the pigmentation. .The only cbloro-
pbyll present is chlorophyll !!. which, ae mentioned previously, 
is not found in chloroplasts. Present knowledge, indicates tbat 
the only carotene present is B-carotene. Myxoxanthin and myxo-
xanthopbyll are believed to be tbe major if not the only :xsn-
tbophylls present. ~bese have been observed in only one other 
organism. The major phycobilin found is o-phycocyanin with 
some o-pbycoerythrin prese~. The c-phycocyanin is responsible 
for the blueness in the color. Neither of thes~ pigments bas 
been found elsewbere3• 
~be second major difference concerns the mechanism of 
carbohydrate metabolism. The presence of the tr1-carboxylic 
acid cycle is strongly contraindicated by exporlmentftl evi-
dence. Webster4 observed tb8t pyruvic acid was not a suitable 
l. :._Myers. J., in Burlew • .2.1?.• .ill.• 
2. Blinks. L. R., in Bmitb, G. M •• Manual .2f Phyoology, 
Chronica Botanica, Waltham, Mass., 1951. 
3. litrain, H. li., Chap~ -13 in ~mith, G. M., Manual~ 
Pb;ycologl• 
4. Webster, G. c., Am. J. Bot., !!,. 682 (1950). 
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substrate for respiration, Nor did be observe any inhibition 
of respiration by sodium malonate in CYlindrosnermu.m. This 
. 
was the only Myxophyceaa ·studied and tbe only alga. sa.t'isfac-
torily obser~ed to participate in .either of the above phenomena. 
Pyruvic acid would be a' natural substrate 1·:r the trt-oarboxylic 
aoid cycle exists in the blue-green algae as described in other 
organisms. Malonate is considered to be a specific inhibitor 
for succinic debydrogenaae indicating by the above results 
that either suocinio acid is not converted into fumaria acid 
or tbat an alternate pathway is provided. The presence of 
thiamine1 however indicates that acetic acid can condense 
with oxaloacetic acid. Thus the tri-carboxylio acid cycle. 
if it exists in the Myxophyoeae,. is altered in a numb er of 
enzymes and substrates. 
fbeee two distinctions isolate the Myxophyoeae with re-
gard to two of the moat important metabolic proceases--
pbotosynthes1s and carbohydrate metabolism. This coupled 
with numerous other differenoes substantiate the beliefs 
concerning the evolutionary uniqueness of the Myxophyceae. 
l. Hutchinson, G. E., Arch. Bioebem •• !• 143-50 (1943). 
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M.ATERIALil AllD METHODS 
THE ADArTA~IO.N OF THE TEOlilUQUE 
The two major problems met in the development of the tech-
nique were l) the provision of a sufficient total salt concen-
tration to act as a supporting electrolyte and 2) tbe design 
and construction of a sUitable respiration chamber and elec-
trode assembly. 
The medium for the study was developed to satisfy two de-
mands. Tbe first was that of the algae for a compatible en-
vironment while tbe second was that of tbe polarographic method 
for an adequate supporting electrolyte. Fortunately. the algae 
used in tbis work appear relatively insensitive to osmotic 
changes. ~bus the medium can be altered to satisfy the sup-
porting electrolyte requirement. 
,Thus the half normal Beijerinck' s solution in which t be 
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algae were grown1 could be concentrated to bring the total 
salt concentration to tbe desired level of 0.1 M. This was 
accomplished by diasol Vir!g ten tirces the not'mal amount of 
the soluble salts yielding two different modified Beijerinck's 
nolutiona according to which ion was omitted. Table 2 tabu-
lates the composition of the various solutions. 
Table 2 
Oomposit ion of the Physiologioal Media used 
Salt Amolint in grams/liter solution 
.Beijerinok's lst Modification 2nd Modification 
Mn4uo3 0.5 5.0 5,.0 
X2HP04 0.2 
- -
2.0_ 
MgS04*'1HOH 0.2 2.0 2.0 
Oa012•2HOH 0.1 l.O 
- -
li'eC13 trace none none 
The first modificut ion was observed to cause erratic 
behavior of tbe electrode. presumabls due to the unbuffered 
nature of the solution. The second modific1;tion we.a free 
from this and was therefore employed in this work and is 
hereafter referred to as modified Beijerinok's solution. 
No lose of vigor was observed in samples suspended for 
as much as 48 hours in modlfi ed Beijerinck• s solution. This 
1. Beijerinck. M .. W., Appendi.x, p. 99 in Brunel, et al., The 
Culturing .2.! Algae, c. F. Kettering Foundation, 1950.-
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verifies the assumption made ear-lier tllat the algae were rels.-
tiva~y insensitive to osmo~io ,changes. 
~he design Of tbE) respiration ·abumber to be used in this 
re'searcb was ·tbe principle instrumental difficulty. Several 
chambers tested and discarded e.re illustrated in Figure 8. 
Tbe dif£iaultiea with the simple arrangement pictured at A 
are; l) the tendency for t be bulk of the mercury pool to trap 
tbe algae against the bottom and. ·aides of the ohumber, 2 )the 
' diffusion of oxygen into tbe solt~ion from the atmosphere, 
and 3) tbe accumulation of a quuntity of mercury in the cbam-
ber with the subsequent elevation of the solution when a study 
is d'esired over a longer period of time. 
Difficult iea l nnd 5 were suceessfnlly overcome by a 
siphon arrangement in the vessel pictured at :S. This hov1ever 
proved to be quite difficult to set up and very tedious in 
operation. ~be diffusion from the atmosphere was still quite 
apparent in this type chamber. 
~he mercury overflow arranged as in C was equally effec-
tive but still permitted the diffusion of oxygen from tbe 
atmosphere. The capillary for this and subsequent chamber 
types was made by drawing barometer tubir.g (outside diameter 
7 mm., inside diameter 2 mm.) down to a very small size • 
. Thia obtained the desired small ( 0.05 to 0.09 mm.) inside 
A 
FIGURE 8. 
EXPERIMENTAL VESSELS 
CAPILLARY--
KCl-AGAR 
BRIDGE 
MERCURY 
SIPHON 
B 
DRAWN CAPILLARY 
I> > > KCI- AGAR 
c 
BRlDGE 
MERCURY 
OVERFLOW 
(>< 
IP> 
- 35 -
diameter without the 8 to 10 mm. outside diameter of con-
ventional polarographic capillaries. 
. . 
It was necessary to raduae the size of the st:tlt bridge 
in types B and c. This increased the series resistance 
( l!1igure 4) of tbe electrode eircui t and ther~by sl.ightly de-
creased the sensitivity und speed of response of the polar-
ograph. 
All of these difficulties were reduced in the final ap-
paratus shown in Figure 9. ~he same drawn capillary is bere 
placed in the center of the larger salt ·bridge. By choosing 
the proper size tubing. the diffusion of oxygen from the at-
mospbere was sharply reduced. !fhis diffusion was virtually 
eliminated by p~acing a ring of paraffin oil about the neck 
of the respiration chamber when in position on the elect?ode 
assembly. 
This apparatus also bas the distiuct advantage of permit-
ting the use of a micro size sample {O.l-0.3 ml. of solution) 
when desired •. The mercury overflo-..v functions as in. Figure 8C 
and maintains the volume of the chamber constant. Thus the 
electrode assembly cun be used with any size respiration 
chamber. 
It should be noted that with tbis micro size sample, con-
tinuous readings with the polarograph are not possible unless 
GLASS SEAL 
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OIL SEAL 
MERCURY DROP 
FIGURE 9. 
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drastic corrections are to be made for electrode consumption. 
~he usual policy was to take readings at ten minute intervals. 
being careful to switch the electrodes off between readings. 
ALGAL CULTURE A!iD TEANSFER METHODS 
The algae used in this research were aubcultivated from 
atooks ·supplied by Dr. J. o. Strickland. These stocks have 
been grown continually under uniform laboratory conditions 
since tbeir isolation in 1951. The algae are of the order 
Cbroococoaceae and believed to be the genus Gleooapsa. 
1 This genus is described in Smith • 
These cultures were established and aubcultivated on 
Beijerinok'.s solution diluted 1:1 and containing 5% (final 
concentration) of a soil decoction. This soil deaootion was 
made by boiling approximately 0.5 l. of top soil with 0.5 1. 
l)f deionized water for 3/4 hour. Thia was then filtered 
•/ 
_ first through coarse filter paper and second With auction 
through a dense asbestos fiber filter. 
All transfers were made in an area decontaminated by 
an ultraviolet germicidal lamp. This protected the purity 
of the culture especially with regard to 'bacteria and per-
mitted the use of samples from the same culture in subsequent 
studies. 
1. Smith, G. M., Freshwater Al~ae of the United States, 
McGraw-Hill. New York, 1950. -- ---
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In practice, 25 ml. of the culture medium was placed in 
each of a number of 125 ml. Erlenmeyer fl~sks. · These were 
closed with cotton plugs and capped lightly witb aluminum 
foil. They were then sterilized in the autoclave at 240° F. 
and 2 atmospheres pressure for 15 minutes. The pressure was 
released slowly and the flasks permitted to cool before in-
ocula.t ion. 
Tbe cooled flasks were placed with the stock cultures in 
the sterile area for 20-30 minutes after which inoculation 
was effected by dividing the stock culture eqm~.11y among the 
subcultures. These were plugged. covered with aluminum foil, 
and placed under moderate fluorescent illumination. 
EX.PEHIMEHTAL PROC.l!:DURE. 
In order to obtain a relatively uniform sample for study 
fr,om tbe subcultures, a small pipette waa mude With a cali-
brated volume of 0.12 ml. The subculture to be used was 
placed in the sterile area in a slanted position for a few 
minutes. This caused the cells to collect in a relatively 
uniform dense aggregate in tbe bottom of the fiask. The 
pipette was then introduced under sterile conditions and 
0.12 ml. of loosely packed cells withdrawn. 
Tbe pipette was then discharged into the respiration 
chamber to be used. The pipette was then rinsed into the 
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ohamber and the chamber filled with modified Beijerinck's 
solution. The cells were permitted to settle to the bottom, 
tbe supernatant fluid was removed. and the cells were washed 
with tv;o portions of modified :Beijerinck'e solation. The 
cells were then roady :for study when the respiration chamber 
was placed on the electrode assembly. 
For those determinations of the effect of potassium 
cyanide on respiration, tbe cells were transferred to the 
respiration chamber in tbe usual manner. The desired oonoon.;. 
tration of oyanide was then added and permitted. to remain in 
contact with the algae for the specified exposure. Tbe cham-
ber waa shaken at five minute intervals du.ring the exposure 
to insure uniform treatment of all the cells. Tbe algae were 
tben permitted to settle and tbe supernatant fluid removed. 
The cells were then washed. three times with modified Beijer~ 
inok's solution and placed on the electrode assembly. 
Later studies at higher oxygen pressures were achieved 
by bubbling oxygen through a very fine capillary inserted i~ 
the bottom of the respiration chamber. Five minutes usually 
suf£iced to elevate tbe oxygen proesure to more than twice 
tbe normal atmospherio equilibrium value. 
To. investigate the effects of ultraviolet irradiation 
on respiration, tbe cells were exposed to tbe ultraviolet 
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source in 60 ml. pyrex beakers with approximately 30 ml. of 
solution.. The source was t ben placed above the beaker and 
left on :for the specified length of time. Following this. 
tbe ~upernatant solution was removed and tho cells ware 
washed into a respiration chamber With modified Beijerinck's 
solution. The cells were then washed twice with portions of 
modified Deijerinok's solution and were then ready for study 
when placed on the electrode assembly. 
Du.ring the early work. a preliminary polarogram was 
made routinely after each sample was placed on the electrode 
assembly. This practice was abandoned for two reasons: 
1) The polarograph required 13.5 minutes to make a complete 
polarogram. thereby depleting the oxygen in tbe respiration 
chamber. 2) All of the preliminary polarograms indicated 
that all studies should be made at the same potential of 
- 1.48 volts. 
All respiration studies were made in total darkness. 
This was achieved by surrounding the respiration chamber 
with a one liter beaker painted black. The respiration 
chamber was than covered with several layers of heavy 
black olot h. 
- 41 ..; 
All ohemicala used were of reagent grade except the 
potassium cyanide, which was technical grade (96%). 
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DATA AND RESULTS 
It was thought necessary to verify experimen~ally the 
linear relationship between the oxygen concentration and the 
diffusion cu~rent at ~P~ chosen potential. Figure 10 illus-
trates the effect on the complete polarograpbic wave of bub-
bling hydrogen gas through, the solution. In subsequent work, 
the potential was fixed at -1.48 volts for all diffusion cur-
rent measurements. The plateau region of the first wave was 
chosen in preference to that of the second wave because of 
the greater stability of the electrode in tbe region of the 
former. 
To effect a calibration, the oxygen concentration as de· 
termined by the Winkler methodl was compared with tbe diffu-
sion .current at the chosen potential of -1.48 v. The data 
for a number of electrodes a.re tabulated in Table 5. The 
1. Assoc. of Official Agricultural Chemists, Methods of 
Analysis. 5th ed., P• 631, A.O.A.C., ~ash., o.c.,-Y940. 
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FIGURE I 0. 
THE EFFECT OF OXYGEN CON-
CENTRATION ON THE POLAROGRAM 
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Table 3 
Electrode Number l 
Oxygen cone. (mg./1.)- Diffusion ourrent (amp.) 
3.74 9.75 
Electrode Bumber 2 
8.40 
l.'16 
6.26 
Oxygen cone. (mg./l.) Diffusion current (amp.) 
3.29 11.85 
4.26 
6.01 
15.87 
19.61 
18 
16 
14 
~ 
~12 
-
t-
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w 
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FIGURE I I . 
CALIBRATION CURVE 
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desired linear relation was obtained aa shown in FigUl'e ll. 
Tbe diffusion current was recorded as a function of time 
during tbe respiration of the algae. This was converted when-
ever possible to the oxygen concentration by a calibration of 
each electrode. 
The data for tbe normal cells are shown in Table 4 and 
plotted in Figure 12.* To verify tbe fact tbut the observed 
reactions were first order with respect to oxygen. the semi-
logaritbmio plot of Figure 13 was made of the same data~ 
Since cyanide is a recognized inhibitor of certain res-
piratory enzymes. cyanide poisoning was attempted. Tbe data 
for this are show~ in Table 5 and Figure 14. The aemi-
logaritbmic plot of the· same data are shown in Figure 15. 
Because of the general toxic effect of ultraviolet ir-
radiation on living organisms. the 1nvluence of ultraviolet 
irradiation on respiration was also investigated. These 
' data are tatulated in fable 6 and plotted in Figures 16 
and 17. 
* In all of these figures. whenever necessary to avoid crowding, only alternate readings were plotted. Cor-
rections were applied to the raw data oniy wben neces-
sary to correct for an unusually high or low current 
chain during the measurement period. Renoe the data 
are ·-not corrected completely for electrode eonsump-
. tion. but are rendered comparable. 
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!able 4 
-
Normal lr.lga.e 
Sample A Sample B 
Raw Data Corrected Oxygen Raw Data oxygen 
( , amp.). Data ' cone. ( amp.) cone. 
' 
amp.) mg./1. ~ime mg./~. 
·55.47 55.4'1 12.33 0000 18.97 '1.82 
54.48 54.48 12.10 0010 16.75 6.90 
53.22 63.22 11.83 0020 15.33 6.32 
52.32 52.32 11.63 0030 14:.59 6.01 
51.36 51.36. ll.41 0040 14.06 5.79 
50.34 60.34 11.20 0060 13.69 5.64 
48.99 48.99 10.79 ., 0100 12.69 5.-18 
4'1.85 47.85 10.64 0110 12~20 5.03 
46.56 46.56 10.38 0120. ll.59 4.77 
43.17 45.17 lp.07 0130 10.88 4.48 
42.64 44.54 9.92 0140 10.40 4.28 
41.74 43.74 9.74 0160 9.86 4.07 
41.22 43.22 9.62 0200 9.;?5 3.86 
- -
0210 9.03 3·.72 
39.30 41.30 9.19 0220 .8.64 3.56 
•' 
-
0230 a.oo 3.30 
38.10 40.10 a.93 0240 7.63 3.14 
36~84 38.84 8.64. 0300 
- -
- - -
0320 6.26 2·.58 
- ' 
,, - -. 0330 -· 5.99 2.47 
33.84 35.84 7.98 0340 
- -
---
m' ~ .. 
-· 
0350 6.75 2.3'1 
-
0400 5.54 2.2s 
- -
0410 6.34 2.20 
-
.... ..,.. 
-
0420 5.25 2.16 
- -
0430 5.09 2.10 
30.30 32.30 '1.19 0445 4.69 1.93 
29.52 31.52 'l.02 0460 
-
~' .. 
- - -
0510 4.26 1.76 
-
-f,, 
-- -
. 0520 4.27 l.76 
0530 4 .. 26 l.'16 
- - -
0550 4.61 1.86 
• 26~57 2'1.37 6.0'1 0610 4.38 1.81 
-
0630 4.24 1.75 
- -
0650 4.22 l.'14 
24.63 26.63 5.'10 0'105 ~.'16 0.87 
- -
0740 3.67 l.51 
- -
0800 3.99 1.64 
22.53 23.53 5.22 0810 ~.ll 1 .. 69 
18.66 19.ou 4.3'1 1000 
- -· ' 
.. 
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Table 5 
-
Tbe effeet of 0.1 B. Cyanide 
Sample O 
Normal .Exposed Exposed l.O hour 
0.5 hour 
Raw Data. liaw Data Raw Data ·Corrected ( amp.) { amp.) !f ime ( amp.) Data( amp.) 
15.75 . l.6.47 0000 12.05 12.05 
14.70. 14.46 0010 11.35 11.35 
13.55 13.16 0020 10.94 l0.94 
12.45 12.55 0030 10.79 10.'19 
11.25 
-
0040 10.5'1 10.57 
10.'14 
-
0060 10.34 10.34 
10.34 10.96. 0100 10.09 10.09 
9.89 10.64 0110 9.69 9.89 
9.62 l0.29 0120 9.49 9.69 
9.06 10.19 0130 9.39 9.59 
a.so 9.96 0140 9.34 9.54 
8.63 9.'19 0150 
- ·-a.ss 9.74 0200 
- -
a.20 9.49 0210 
- -
7.98 9.37 0220 
-
7.80 9.34 0230 
- -s.oo 
-
0240 
- -
-
9.27 0245 
- -7.73 
-
0260 
- -
7.43 
-
0300 
-
'l.68 0310 
-
-
'l.96 0500 
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Table 6 
-
Tbe effect of ultraviolet irradiation 
Sa!llPle D - Irradiated with germicidal lamp for 15 hours 
while suspended in modified Baijerinok's so-
lution • 
.Raw Data Oorreoted Oxygen 
Data oono. ( amp.) ·( amp.) Time (mg./l. 
32.1 32.1 0000 8.71 
30.7 30.7 0010 8.42 
29.9 29.9 0020 a.20 
29.3 29.3 0030 8.04 
28.9 28.9 0040 7.93 
28.6 28.6 0060 7.84 
28.4 28.4 0100 '7. '19 
28.l 28.l 0110 7. 'll 
27.8 27.8 0120 7.63 
27.6 27.6 0130 7.57 
27.3 2'1.2 0150 7.46 
2'1.0 26.7 0210 7.33' 
26.2 25-.2 0310 6.91 
25.8 24.8 0325 6.80 
2,5. '1 24.7 0335 6.78 
25.6 24.6 0340 6.'15 
25.3 24.3 0350 6.,67 
25.l 24.l 0400 6.61 
24.9 23.9 0410 6.56 
24.7 23. 'l 0420 6.51 
24.4 23.4 0430 6.42 
24.1 23.1 0440 6.34 
23.8 22.8 0450 6.25 
23.6 22.5 0500 6.17 
23.4 22.4 0510 6.14 
23.l 22.1 0520 6.06 
22.9 21.9 0630 6.01 
22.8 21.a 0540 6.,98 
22.5 21.5 0650 5.90 
22.3 21.3 0600 5.84 
22.0 21.0 0610 5.'16 
21.8 20.a 0620 6."ll 
21.6 20.6 0630 5.65 
21.4 20.4 0640 £5.59 
21.3 20.5 0650 5.57 
e.e 
-..J ~· 
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Because cyanide forms insoluble products with Beijerinok'e 
solution, it was necessary to use a solution of oyanide in de-
ionized water to study the e~fecta of t~is poison on. respira* 
. . ' 
tion. It was therefore thought necessary to study the effects 
of suspen~ing the algae in d~ionized wat.er for a per_1od of 
time. The, data of Table .'1 and Figure is· demonstrate the effect 
on the respiration of the a.-lgae of 36 hours suspension in de-
ionized water. 
'fable "I 
-
The eff eot of deionized water 
Sample ~ - Placed in deionized w~ter for 36 h9uxs~ 
Raw Data. oxygen 
cone. ( amp.-) Time (mg.fl.) 
158.· 0000 20.:4 
117.8 0035 15.2 
87.4 0110 11.26 
·76.'3 0130 9.83 
60.·0 0240 'I. '/3 
54.l 0300 6.97 
,p0.9 0320 6.55 
46.5 0330 6.25 
45.6 0240 5.88 
41.3 OZ50 6.32 
39.6 0400 5.10 
37.2 0410 4.'19 
35.4 0420 4.57 
35.2 0-!l;O 4.41 
~1.0 0440 4.oo 
30.0 0450. 3.86· 
27.l 0520 3.60 
22.a 0650 2.94 
22.0 0600 2.84 
19.6 0610 2.53 
18.8 0620 2.42 
18.2 0630 2.35 
16.9 0640 2.1a 
14.6 0650 1.89 
12.0 0700 1.56 
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en 
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DISCUSSION 
Tbe data for the respiration of normal algae~indicate that 
there are possibly three respiratory pathways. Each of these 
pathways oan be distinguished by the critical oxygen tension at 
whioh the pathway becomes modified. Thus' the range of oxygen 
ooncentrat1ons indicated by the letter A in Figure 12 is high 
enough to permit a~ three pathways to function. However, at 
the oritiaal oxygen tension of 10 mg./1. the path~ay most sens-
itive to oxygen becomes modified and either ceases to function 
or becomes less active. In the following discussion, tbia 
pathway w~ll be known as pathway Io The change in slope is 
tbus caused by the loss or, partial. loss of this patbWay while 
the other two pathways continue to function in tbe oxygen con-
centration. range B (of Figure 12) in muc~ the same manner as in 
region A. At tbe_critical oxygen tension of 6.4 mg.fl. a sec-
ond pathway, pathway II, is evidently affected in a similar 
manner. ~berefore at oxygen tensions in region o, i.e. below 
- 60 -
694 m.g./1., the final pathway, pathway_ III, maintains all or 
almost all of the respiration. 
A similar interpretation of analagous data was made b7 
du:Buy and Olson. 1 The correlations which they observed be-
tween the respiration rate, protoplasmic streaming, and auxin 
transport at various oxygen tensions in Avena coleoptile 
strongly substantiate this line of reasoning. The one break 
whiob they found was at approximately 3.5 mg.fl~ Sinoe they 
apparently did not conduct any studies at an oxygen oonoen-
tration greater than 8 mg-./1. it is therefore unknown if otber 
respiratory pathways exist in Avena coleoptile. 
, I 
The range oi concentrations studied in this thesis work 
was from 26 mg. oxygen/1-., approximately three times the nor-
mal atmospheric equilibrium value, down to less than 2 mg./1. 
It was thought that this range would be sufficient to permit 
a thorough study of the nt111lber of pathways involved. 
The curves for normal :respiration in Figures 12 and 13 
serve to illustrate tbe fact that all pathways are s.pparentl7 
first order with respeot to oxygeb concentration. Some of the 
data for sample B which were tabulated in ~able 4 were not 
graphed since they ser~~d only to show ~hat diffusion from the 
atmosphere could take p1aee when an oxy~en depleted solution 
was in the :respiration ohamb~r as then used. 'Following this, 
the practioe of sealing the neok of the respiration chamber to 
1. du.Buy, H. G., and Olson, R. A., Am.t J. :Bot., !!,, 401 (1940). 
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tbe les of. the salt bridge with a drop of oil was initiated. 
Although only two sets of data. were presented, tbese 
breaks were found to be quite reproducible. The results of 
these other data were taken into consideration 1n tbo follow-
ing discussion •. 
Because of the diff1cul.t1es involved at the present time 
in measuring the amount of algae used. it was not possible to 
use the de·veloped technique in n quantitative moon.er. It ns 
thus found necessary to render the data from different studies 
comparable. Thia was accomplished by using the ratios of the 
slopes or some otber similarly derived quantity rather than 
the absolute values of the slopes wbicb would necessarily be 
dependent on the amount of algae used. 
The s1mp1est pseudo-separation of the three pathways.can 
be eff eotcd by making a simplifying assumption~ The assump-
tion is that each of the pathways operates independently of 
tbe other pathways. ~bus it is assumed tbat pathway III is 
as active in regions A and ll as it is in region c where it is 
supposed to carry on all or almost all of the respiration. 
Likewise it is assumed tbat II operates in the some manner in 
region A as it does in region B. Tbe major argument against 
this assumption stems from the faot that all three o:f' these 
processes nre related in th~-<t they are all 9ompet1t1vc>. i.e.: 
they all remove oxygen. Thus pathway III might b~ more ac-
tive in region·c where it 1s ope?ating alone {or almost so) 
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than in region B where it would be in competition with patbway 
II for the available oxygen. 
Using this assumption. the contribution of pathway III to 
the respiration in region B is the SB.nt~ as in r~eton c. The." . . ,,, .. ' 
contribution of pathway II in region B can therefore be .:esti-
mated by subtracting tbe contribution of pathway III from the 
elope at B. Likewise tbe relative contributions of tbe three 
pe,tbways in region A, where all are operative, can be resolved. 
It is then possible to express these relative values in per 
cent and therefore make comparisons between different studies 
with different eleotrodes and chambers and with different a-
mounts of algae. 
Table 8 is a tabulation of suob quantities for a number 
of studies in wbicb the al~e were subjected to the-a.otion of · 
various agents. 
According to table 8, pathway I is Ciefini,tely tbl:l least. 
sensitive of tbe three pathways with regard to the aeents'em-
ployed• Tbia is shown by the fact that tbe portion of the total 
respiration maintained by this pathr.ay was never less than the 
normal value. ~bis indicates that the sensitiv1t1 of patbwa7 I 
to those agents is either zero or very much less then the sena-
· 1tivity of the other two p~thways. 
Table 8 shows pathway II to be completely poisoned by·u.i~ 
traviolet irradiation under the conditions employed• Patbwny II 
also appears to have been influenced by oy&nide under tbe oondi-
- 63 -
; fable 8 
-
Summary of derived dat~. 
as.mple a.nd Data presented in ~ respiration in region A 
treatment fable: Figure(s): maintained by pathway: 
I II III 
llormal1 41 12.131 40 29 31 
o- :ttorma12 6 14,15 65 29 16 0~5 hour Olii 5 14,lE ao3 16 3.6 
. 1. 0 hour Cli 5 14,15 6'13 28 3.g 
0.5honr ON exp. not listed .70 19 11 
Deionized water ,• 
36 hours exp. 
' 
18 '12 13 16 
Ultraviolet irradiation.in 
deionized water 6 16,l'/ '15 0 25 
,, 
Senile culture-
normal not listed 45 32 23 
l•. Average of several studies. 
2. Sample O was used for all of these data by rewashing end 
ree:rposing thus rendering the data more comparable. 
3. Insufficient data would not permit a more accurate deter-
mination of the relative slope value thereby introducing 
an unoertainty in both of these values. 
- G4 -
tiona employed. Tbia is clearly seen by the elevation of the 
height of the second break. as the cyanide exposure was increased 
tor sample O in 1!,igure 14. Apparently tbe sensitivity of path-
way II to oxygen is increased by the presence of cyanide. The 
i:nbibi~.ion of pathway II by cyanide does not appear to be sig-
nificantly strong in Table 8. 
Pathway III is observed in Table 8 to be strongly inhibi-
ted by cyanide and slightly inhibited by ultra.violet irradia-
tion. 
~he information about the senile culture was inoluded only 
:ft'lr com:rs:r:'i~on wit b the normal. Insufficient det a do not per-
mit any o~n~lusions to be drawn from this however. 
These conolusions are not in complete accord with those 
of duBuy and Olson. This could be ex1;lained by the vast dif-
ferences in the materials obosen for stuay. However, some 
aomparisons oan be quite profitably brought out. 
~be two pathways ·which they discovered were observed to 
contribute approximately equally to the total respiration in 
tbe upper oxygen concentration range. ~be position of tbe 
lower break in th1& thesis work and tbe fact that pathways II 
and III contribute approximately equally (~able 8) to respi-
ratio~ would indicate tbe regions investigated by them to cor-
respond to the regions B and C studied herein. ~his would 
' j 
seom to lead the way to other similarities wbicb[bowever are 
! ' 
not to be found. They observed their upper pathway to be 
- 65 -
cyanide sensit.ive whereas this thesis work indicates botb 
to be sensitive with the lower pathway being the more ssnsitive. 
Their conclusions us to tbe probable nature of the enzymes 
concerned would seem to be of little value.with regerd to 
the work With the blue-green algae. 
It should ba noted that no inhibition was apparent with 
oynnide concentrations less th.q.n O.l H•t approximately five 
times the lethal conoentrution for most organisms. Tbs lack 
of influenoe of cyanide oould possibly be attributed to poor 
ponot~ation 0£ the mamb~a...~eD• 
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SUMMABY 
In tbe course of a polarograpbio investigation of tbe 
respiration of a blue-green alga. the following observations 
were made: 
l. There are three respiratory pathways operating in the 
normal algal cell investigated. ~bese pathways oan be dis-
tinguished by the critical oxygen tenlions at wbioh they be-
@Qme modified~ 
2. ~he upper~ pathway is least sensitive, the lower 
slightly sensitive, and the middle most sensitive to ultra-
violet irradiation under the conditions employed-. 
3. The lower pathway is apparently inhibited the most 
by cyanide and the upper pathway the least. The sensitivity 
of tbe middle pathway to oxygen was increased by tbe presence 
of cyanide. 
... 6'1 .. 
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